Aims: To investigate if urinary AQP5 serves as a new potential biomarker of diabetic nephropathy. Methods: Using an AQP5-specific enzyme-linked immunosorbent assay, we measured serum and urine AQP5 first in a cohort consisting of normal controls (n = 26) and patients with diabetes mellitus (n = 25) or diabetic nephropathy (n = 33) and then in a validation cohort possessing normal controls (n = 10), patients with diabetes mellitus (n = 10) or diabetic nephropathy (n = 14), and patients with chronic kidney disease of unknown etiology (n = 10). We used various statistical methods including Pearson's correlation coefficient, ANOVA with Holm-Sidak test, Receiver Operator Curve, and multiple logistic regression to analyze the data. Results: Urine AQP5/creatinine 1) is significantly higher in diabetic nephropathy than in other two groups, and in diabetic nephropathy stage V than in stage III; 2) correlates with serum creatinine, urine albumin, and multiple other known risk factors of the disease; and 3) improves the clinical models in distinguishing diabetic nephropathy from normal controls and diabetic mellitus. Conclusion: Our data suggest that urine AQP5/creatinine may possess diagnostic and prognostic values as a biomarker of diabetic nephropathy.
Introduction
Diabetic nephropathy (DN) is clinically characterized by persistent albuminuria in the setting of diabetes. Elevated arterial blood pressure and progressively decreased glomerular filtration rate (GFR) are common features associated with the disease. Patients with DN may also have a high risk of cardiovascular disease and develop retinopathy. The prevalence of DN among diabetic patients has not decreased in the last 2 decades (Gohda & Tomino, 2013) . The incidence of DN in type I diabetes is more than 20%-30% (Ruggenenti, Schieppati, & Remuzzi, 2001) . DN is the most common single cause of end-stage renal disease and one of the most significant long-term complications associated with diabetes in the U.S (Molitch et al., 2004) .
Currently, the only routine laboratorial markers of DN are estimated GFR and proteinuria/albuminuria. Albuminuria has been considered a sine qua non condition for the diagnosis of DN and has been widely used as a surrogate outcome of chronic kidney disease (CKD). However, some patients of type 1 diabetes can develop kidney disease even though their urinary albumin levels are in the normal range (Perkins, Ficociello, Roshan, Warram, & Krolewski, 2010) , suggesting the limitation of albuminuria alone as a diagnostic and prognostic marker of DN.
Several tubular markers are associated with microalbuminuria in DN and in patients with normoalbuminuria (Galanti, Jamart, Dell'omo, & Donckier, 1996; Pontuch, Toserova, Vozar, Bulas, & Kratochvilova, 1995; Salem, el-Habashy, Saeid, el-Tawil, & Tawfik, 2002; Watts, Powell, Rowe, & Shaw, 1989) , implying that tubular malfunction could be an earlier indicator of DN than microalbuminuria. Moreover, tubular markers are also correlated to glycemic control (Pontuch, Jensen, Deckert, Ondrejka, & Mikulecky, 1992; Salem et al., 2002) and diabetic retinopathy (Holm, Nielsen, & Hemmingsen, 1994) . Recently, the urine and plasma proteome analyses have led to identification of new markers including haptoglobin, kininogen, and Fetuin-A (Bhensdadia et al., 2013; Inoue et al., 2013; Merchant et al., 2013) . However, none of these markers has been incorporated into the clinical setting due to various limitations.
Water channel AQP5 plays a role in the generation of saliva, tears, and pulmonary secretions (Da Silva et al., 2006) . It is not detectable by immunoblotting in normal mouse and human kidneys (Krane, Towne, & Menon, 1999; Wu et al., 2013) , indicating that AQP5 plays little role in normal renal physiology. We have reported that AQP5 is upregulated in kidney biopsies from patients with DN, where it interacts with AQP2 at the peri-nuclear region. The interaction was validated in multiple assays (Wu et al., 2013) . Overexpression of AQP5 in IMCD3 cells led to impaired AQP2 membrane localization as evidenced by cell surface biotin assays (Wu et al., 2013) . However, if AQP5 is detectable in urine and if urine AQP5 can serve as a novel potential marker of DN remain completely unknown. In this study, we performed AQP5-specific enzyme-linked immunosorbent assay (ELISA) to address these questions. Our data suggest that urine AQP5 is a novel marker of DN.
Materials and methods

Reagents
Human AQP5 ELISA kits (Uscn Life Science) were used according to the manufacturer's instruction.
Study population
For the diabetic mellitus (DM) and DN groups, the inclusion criteria are 1) ≥25 years old; and 2) diagnosed with type 2 DM with various stages of normo-, micro-, and macro-albuminuria; The exclusion criteria are 1) pregnancy; 2) presence of primary glomerulonephritis or other kidney-damaging disease such as autoimmune disease or hepatitis B; 3) conditions of urinary tract infection or severe heart failure which affect urinary albumin excretion; and 4) presence of other primary medical conditions including cancer. Normal controls are defined as those who have no evidence of any medical conditions and display normal albumin/creatinine ratio (ACR) and no microalbuminuria. Diagnosis was based on the diabetic history, laboratory evaluation, imaging of the kidneys, and physical examination, especially if retinopathy and peripheral neuropathy were present. DM was diagnosed according to the criterion established by the WHO diabetic committee of experts in 1999. DN was defined as the presence of persistent 'clinical' albuminuria (albumin excretion rate (AER) N 300 mg/24 h) in a patient with diabetes for over 5 years, in the absence of urinary tract infection (UTI), other renal diseases, or heart failure (Thomas, 2010) . DN Stages III and IV were assigned according to presence of microalbuminuria (ACR: 30 to 300 μg/mg) and macroalbuminuria (ACR: N 300 μg/mg), respectively. Stage V was diagnosed by increased serum creatinine (≥175 μmol/L), increased blood pressure, development of end-stage renal failure, or requirement of dialysis or transplantation (Adler et al., 2003; Mollsten et al., 2011; Yokoyama, Myrup, Rossing, & Ostergaard, 1996) . Efforts were made to collect various clinical parameters (Table 1) . Among them are age, albumin, total protein, GFR, body mass index, systolic blood pressure, diastolic blood pressure, ACR, glycated haemoglobin, low density lipoprotein, hemoglobin, hematocrit, blood urea nitrogen, serum creatinine, uric acid, alanine aminotransferase, aspartate transaminase, total bilirubin, direct bilirubin, total biliary acid, total glycerides, and fasting blood glucose. It should be noted that while some of these parameters were collected in all subjects examined, others were available only in a subset of patients.
All patients were recruited and examined in the XiangYa Hospital, Central South University. This study was conducted with adherence to the Declaration of Helsinki and approved by the local Ethics Committee. All patients signed an informed consent.
Measurement of AQP5
Urine (10 ml) and blood (2 ml) were collected in the morning. All samples were centrifuged within 2 h after collection for 20' at 1000 g. Urine supernatant and serum were either used for measurement of clinical parameters and AQP5 or stored as aliquots at − 80°C. AQP5 was determined with the AQP5 ELISA kit, following the manufacturer's instruction. The manufacturer has verified the high specificity of the AQP5 ELISA kit, with b1% cross reactivity towards AQP1, AQP2, AQP3, AQP4, AQP8, IL-6, TNF-α, TGF-β1, or IFN-γ. We performed spike-and-recovery experiments done in diabetic urine and serum. No significant interference with the assay relating to albumin was found. Our intra-assay or inter-assay variability is b20%.
Statistical analyses
Correlations between urine AQP5 and clinical parameters were calculated as the Pearson's correlation coefficient, using Microsoft Excel. Analyses of ANOVA with Holm-Sidak test (Lunardi et al., 2013) , Receiver Operator Curve (ROC), and multiple logistic regression were conducted using SigmaPlot 11 (Systat Software). For multiple logistic regression analyses, initial selection of variables with data available in all of the selected subjects in the test cohort was performed according to clinical significance, followed by backward elimination of data (Chang et al., 2015) . Six clinical models were constructed, using the same set of the clinical parameters of the test cohort. The equations of the models are listed in Table 2 . Models A and B were used to distinguish DN from the non-DN patients (normal control + DM). Models C and D were aimed to stratify DN from DM. Model E and F served to discriminate between normo-and microalbuminuric patients. All decisions on using these tests were taken a priori. In all cases, differences were considered statistically significant at p b 0.05.
Results
Urine AQP5/creatinine is significantly higher in patients with DN than in normal controls and DM
We first analyzed 84 subjects in a test cohort consisting of normal controls (n = 26) and patients with diabetes mellitus (DM) (n = 25) or DN (n = 33) (Fig. 1A) . Table 1 lists their clinical and laboratorial variables. Patients with DN had significantly decreased GFR and serum albumin, compared to patients with DM. Such changes were associated with a significant increase in duration of diabetes, blood urea nitrogen, serum creatinine, globulin, β2-microglobulin, cystatin C, total and direct bilirubin, urinary proteins, and urine albumin-tocreatinine ratio (ACR). Differences in all other parameters including age, body mass index, blood pressure and blood glucose were not significant between the two groups. However, some of these values were significantly higher in DN and DM than in the normal controls.
Using an AQP5-specific ELISA, we detected serum AQP5 in all subjects ( Fig. 2A) . Serum AQP5 displayed a mild increase in DM and a significant increase in DN, compared to normal controls. As shown in Fig. 2B -D, urine AQP5 absolute concentration (ng/ml) was measurable in 4/26 of normal controls, 16/25 of DM, and 25/33 of DN. The mean of urine AQP5/creatinine (ng/g) was significantly higher in DN than in the other two groups, but did not differ significantly between DM and normal controls. Similar results were obtained for urine AQP5 absolute concentration (ng/ml) and the total excretion of AQP5 (ng/24h).
Urine AQP5/creatinine is significantly higher in DN stage V than in stage III
The DN group consisted of 15 stage III, 7 stage IV, and 11 stage V patients. There was no significant difference between any stages in serum AQP5 (Fig. 2E) , urine absolute AQP5 concentration (ng/ml) and total urine AQP5 excretion (ng/24 h), possibly due to small sample size in each stage (data not shown). Nevertheless, we observed significant higher levels of urine AQP5/creatinine in stage V vs. stage III (Fig. 2F) . Hence, urine AQP5/creatinine may increase with progression.
Urine AQP5/creatinine correlates with many known risk factors of DN
We focused on urine AQP5/creatinine rather than the absolute urine AQP5 concentration (ng/ml) or total excretion of AQP5 (ng/24h) since it is normalized to the internal control creatinine and yielded the highest area under the Receiver Operating Characteristic (ROC) curve (see below). Urine AQP5/creatinine significantly correlated with 20 serum and urine parameters. The correlation coefficients ranged from − 0.19 to 0.8. Table 3 lists all of the positive and negative coefficients, respectively. Among the positive ones are blood urea nitrogen, serum creatinine, urine albumin (mg/24 h), urine albumin (mg/ml), and urine albumin/creatinine (mg/g). The negative ones include GFR. Increased urine AQP5 levels are thus apparently associated with increased risk of DN development and impaired kidney function. Serum AQP5 was also positively correlated with serum creatinine (Table 3 , see Discussion).
Urine AQP5/creatinine improves clinical models in distinguishing DN from normal controls and DM
We combined the normal controls and DM as the "non-DN" group, and performed ROC analysis. The ROC area of serum AQP5 was not 7.6 ± 3.3 4.9 ± 0.4 8.2 ± 2.2 ⁎ 9.5 ± 3.9 ⁎ HbA1c, % 8.9 ± 2.4 NA 9.0 ± 2.3 8.8 ± 2.6 Total cholesterol, mmol/l 4.8 ± 1.1 5.1 ± 0.9 4.6 ± 0.1 4.8 ± 1.3 LDL cholesterol, mmol/l 2.9 ± 1.1 3.3 ± 0.6 2.7 ± 1.0 2.8 ± 1.3 Triglycerides, mmol/l 1.7 ± 1.4 1.0 ± 0.5 2.1 ± 1.6 ⁎ 2.0 ± 1.6 ⁎ HGB (g/L)
124. 26.8 ± 4.1 26.6 ± 2.9 25.5 ± 4.5 28.2 ± 4.3 ⁎⁎ β2-microglobulin (mg/L) 3.6 ± 4.6 NA 1.4 ± 0.5 6.5 ± 6.0 ⁎⁎ Cystatin C (mg/L) 1.6 ± 1.6 NA 0.9 ± 0.3 2.5 ± 2.2 ⁎⁎ K (mmol/L) 3.8 ± 0.5 NA 3.7 ± 0.4 3.9 ± 0.5 Na (mmol/L) 137.1 ± 17.4 NA 139.6 ± 3.6 135.0 ± 23
20.7 ± 10.9 19.8 ± 9.1 23. significant. In contrast, the ROC area of urine AQP5/creatinine was 0.77 (p b 0.05, Fig. 2G ). Therefore, urine AQP5/creatinine may facilitate stratification of DN from normal and DM subjects. Although we tried to collect over 40 clinical parameters from each of the subjects, many of these parameters were not available from numerous subjects, excluding the possibility to include all of the subjects for further analyses. The availability of the related clinical data allowed us to focus on 57 of the 84 subjects. Among them were 17 normal controls, 17 DM, and 23 DN (Fig. 1A) . We performed multiple logistic regression analyses based on backward elimination of data (Chang et al., 2015) and constructed a clinical model that excluded ACR to distinguish DN from the non-DN patients. Since ACR is the primary diagnostic parameter, such model also serves to assess the risk factors of DN with micro-and macroalbumia (Inoue et al., 2013 ). The final model consisted of age, GFR, and serum parameters (uric acid, albumin, total protein, total glycerides, alanine aminotransferase, total bilirubin, direct bilirubin, blood urea nitrogen, and fasting blood glucose). This model (− AQP5 model A) had a sensitivity of 86% and a specificity of 88%, which corresponded to 3/23 false negatives and 4/ 34 false positives. Addition of AQP5/creatinine and serum AQP5 to create + AQP5 model B increased both the sensitivity and specificity to 100% (Fig. 2H) . Next, we excluded the 17 normal controls from the "non-DN" group and focused on DN vs. DM. Using the same panel of parameters, we generated − AQP5 model C and + AQP5 model D. The latter vs. the former improved the sensitivity and the specificity to 1 from 86% and 82%, respectively (Fig. 2I) . Similarly, to determine if AQP5 improves discrimination between normo-and microalbuminuric patients, we constructed −AQP5 model E and + AQP5 model F by applying the same set of parameters to 28 subjects selected from the DM and DN population. Among them were 18 and 10 normo-and microalbuminuric patients, respectively. Compared to model E, model F increased both the sensitivity and specificity by 20% and 17%, respectively (Fig. 2J) . Therefore, our data suggest that urine AQP5/ creatinine may improve the clinical models in differentiating DN from normal controls and DM and in differentiating microalbuminuric patients from normoalbuminuric patients.
Urine AQP5/creatinine improves the clinical models in a validation cohort
To test if the increased specificity and sensitivity are not purely related the model fitting and to test if AQP5 is specific for DN or would increase in other forms of chronic and end stage kidney disease, we measured the AQP5 levels and tested the above clinical models in a validation cohort. The cohort consisted of 44 subjects. Among them were 10 normal controls (Con), 10 DM, 14 DN, and 10 CKD of unknown etiology (Fig. 1B) . We intended to validate the above clinical models by using the same multiple logistic regression equations described in Table 1 and Fig. 2 . In distinguishing DN from Con + DM, the − AQP5 model A resulted in 6/14 false negatives and 7/20 false positives, corresponding to a sensitivity of 57% and a specificity of 65% (Fig. 3A) . The + AQP5 model B reduced the false negatives to 4/14 and false positives to 3/20. Hence, addition of AQP5 improved the sensitivity to 71% and the specificity to 85%, increasing the sensitivity by 14% and the specificity by 20% (Fig. 3A) . Similarly, the sensitivity of the clinical models differentiating DN from DM was increased from 50% (− AQP5 model C) to 71% (+ AQP5 model D). This change was accompanied with a 20% increase in the specificity (Fig. 3B) . By replacing DN with CKD, we tested the sensitivity of the − AQP5 models A and C to differentiate CKD from Con + DM or from DM only. These models predicted none and one of 10 CKD subjects to have the disease, respectively. Addition of AQP5 resulted in only one more subject correctly identified ( Fig. 3C and D) . Hence, AQP5 was apparently less effective in the clinical models differentiating CKD from normal, DM or both.
Discussion
Members of water channel family function primarily in the urinary concentrating mechanism and glandular fluid secretion. Emerging evidence suggests that they are also involved in cancer, infection, and swelling of tissues (Verkman, 2012; Verkman, 2011) . A selective defect in lacrimal gland AQP5 trafficking is responsible for Sjögren's syndrome characterized by dry eye and mouth (Tsubota, Hirai, King, Agre, & Ishida, 2001) . Elevated AQP5 expression is associated with advanced tumor stage, positive distant metastasis, and/or unfavorable prognosis in several types of cancer (Guo et al., 2013; Watanabe et al., 2009; Yang, Shi, Cheng, & Deng, 2006; Zhang et al., 2010) . However, pathological expression of AQP5 in kidney had not been described until our recent report (Wu et al., 2013) .
As the closest homolog of AQP2, AQP5 can interfere with AQP2 membrane localization through protein-protein interaction. Such detrimental effect is prevented in normal kidney because of no or little AQP5 expression. The repression occurs in part through DOT1L-mediated H3 K79 methylation of AQP5 promoter (Wu et al., 2013) . Under pathological conditions, such as DN, loss of H3 K79 methylation relieves DOT1L-mediated repression. Consequently, AQP5 is upregulated and contributes to polyuria and polyuria-induced kidney damage, in part by impairing AQP2 apical localization (Wu et al., 2013) . The molecular mechanism leading to the presence of AQP5 in urine remains obscure. We can speculate three possibilities. First, AQP5 may be secreted into urine directly from tubular cells due to its small size (27 kD). Secondly, urine AQP5 exists as detached AQP5 the possibility that higher urine levels of AQP5 are partially contributed by higher serum levels cannot be completely ruled out, given the significant correlation between the serum and urine AQP5 levels and between serum AQP5 and serum creatinine. Since serum AQP5 increases along with creatinine, the filtered load may also increase. Consequently, like other low molecular weight proteins whose urinary excretion is increased in renal failure, AQP5 may have increased urinary excretion due to reduced tubular reabsorption. The negative correlation between urine AQP5/creatinine and GFR also suggests that elevated AQP5 is associated with decreased renal function. In addition, circulating AQP5 may be reabsorbed into the tubular cells, resulting in staining of the cells.
Urine AQP5 was also found in 7/36 of normal controls and 23/35 of DM in the two cohorts. These individuals lacked clinical evidence of either obvious kidney disease or significantly impaired GFR. In particular, their albumin excretion was normal. This raises the possibility that AQP5 may serve as an early marker for tubular damage and precede albumin excretion. AQP5 may, thus be added to the list of tubular markers such as kidney injury molecule-1, α1-microglobulin, and retinol binding protein (RBP). These complement the growing list of urine-accumulated tubular epithelial-and glomerular-derived proteins that may have prognostic significance in the context of diabetic renal disease including lipocalin 2, N-acetylbeta-glucosaminadase, cystatin C, type IV collagen, nephrin, angiotensinogen, L-FABP, the serine proteinase inhibitor PAI-1 and miR-192 (Fiseha, 2015; Jia et al., 2016; Torii et al., 2004) . Inclusion of these in patient assessments is likely to provide a more complete evaluation of disease status compared to the more traditional use of a marker of glomerular dysfunction such as albumin (Matheson, Willcox, Flanagan, & Walsh, 2010) . Highlighting the utility of these biomarkers is that they provide non-invasive indicators of renal disease onset and/or progression and, at least one (PAI-1) is already an established serum marker and predictor of chronic allograft damage (Chang et al., 2009 ).
In addition, some CKD patients examined had detectable urinary AQP5, suggesting that application of AQP5 as a potential 
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Serum AQP5 A =0.63 Urine AQP5/Cre A = 0.77* G) Fig. 2 . Analyses of the test cohort. A-D. Serum and urine AQP5 in 26 normal controls (Normal), 25 DM, and 33 DN were assessed with the AQP5 ELISA kit. It has a detection range of 0.156-10 ng/ml and sensitivity of 0.059 ng/ml. Urine absolute AQP5 concentration (ng/ml), and AQP5/creatinine (ng/mg) and 24 h excretion (ng/24 h) were determined. One-way ANOVA with Holm-Sidak test (Lunardi et al., 2014) was used to determine the statistical significance. E-F. As in A-D except that DN data were reanalyzed and re-plotted according to staging. G. ROC analyses. Shown is the whole sample set (33 DN, and 51 "Non-DN" (26 Normal controls + 25 DM)). H. Shown are clinical models for 57 samples (DN vs. (normal controls + DM), without (−AQP5 model A)) or with urine AQP5/creatinine (+AQP5 model B). I. As in H except that 40 samples (DN vs. DM) were used to generate the clinical models without (−AQP5 model C) or with urine AQP5/creatinine (+AQP5 model D). J. As in I except 18 normoalbumiuric and 10 microalbuminuric patients selected from the 40 DM and DN subjects were used. In all models A-F, the same panel of parameters was used except the absence or presence of urine AQP5/creatinine and serum AQP5.
biomarker may not be limited to DN. Since this is a pilot study with relatively small cohorts, our findings need to be validated in larger and longitudinal studies. Future studies with a large sample size consisting of children and young adults, type 1 diabetic patients, and longitudinal cohort samples are required to further confirm our findings.
Conclusion
In summary, our study suggests that urine AQP5/creatinine may have diagnostic and prognostic values as a novel biomarker of diabetic nephropathy and other forms of kidney disease. 
